Introduction
Aptamers, particularly DNA aptamers, are attractive host molecules, because they can be tailored to a variety of guest molecules (targets) by the method of systematic evolution of ligands by exponential enrichment (SELEX). [1] [2] [3] [4] [5] [6] They can thus be used to detect various molecules such as bioactive substances and environmental contaminants. We chose glutamic acid as the target for selection, because it is one of the proteogenic amino acids and its salt is widely used as an umami seasoning. In addition, it is also known as a key substance involved in the programmed cell death of immature cortical neurons and a line of hippocampal nerve cells. 7 Therefore, a glutamic acid-binding aptamer may be expected to be useful for sensing glutamic acid in foods or cells. However, there are only a few reports of aptamers that bind to anionic small molecules containing no aromatic groups, presumably because RNA or DNA are polyanions bearing heterocyclic rings that could enable the formation of intermolecular π-stacking interactions with targets. Recently, to improve the capabilities and extend the diversity of nucleic acid aptamers, SELEX methods using modified DNA libraries instead of RNA and DNA libraries have been developed. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In this paper, we report the screening of glutamic acid-binding aptamers from an arginine-modified DNA library. This unique modified DNA library was prepared by an enzymatic method using dATP, dGTP and dCTP together with a C5-modified dUTP, T Arg , bearing a cationic arginyl group, instead of natural TTP (Fig. 1) . A bidentate hydrogen bond between the guanidino group of arginine and the carboxyl group of glutamic acid or aspartic acid has been found in some natural proteins; 43, 44 incorporated arginyl groups could contribute to the formation of a glutamic acid-binding site.
Materials and Methods

General
A TC-312 thermal cycler (Techne) was used for polymerase chain reaction (PCR) amplification. PCR products were resolved by denaturing polyacrylamide gel electrophoresis (PAGE) using a vertical electrophoresis unit (Atto). Bands were imaged with a Molecular Imager FX PRO (Bio-Rad) and quantified with the Quantity One software (Bio-Rad). Sequence analysis was performed with an ABI Prism 310 Genetic Analyzer (Applied Biosystems). A Biacore X and a sensor chip SA with a matrix of carboxymethylated dextran containing preimmobilised streptavidin (Biacore) were used for surface plasmon resonance (SPR) studies. UV analyses were conducted on a Hitachi U-3000 spectrometer. HPLC was performed using a Wakosil 5C18 reversed phase column (4 mm i.d. × 250 mm), with a liner gradient of 50 mM triethylammonium acetate (pH 7.6) with acetonitrile (2 -37%) as an eluent and a flow rate of 1.0 mL/min. All compounds and their intermediates that we synthesized were characterised by 1 H NMR spectra measured on a JMN-AL 300 FT-NMR system (Jeol) and ESI mass spectra We have screened glutamic acid-binding aptamers from a modified DNA pool containing arginine residues using the method of systematic evolution of ligands by exponential enrichment (SELEX). Thirty-one modified DNA molecules were obtained from the enriched pool after the 17th round of selection, and their binding affinities for the target were evaluated by binding assays using affinity gels. Three modified DNA molecules having higher affinity were sequenced and we determined their affinity and specificity for the target by surface plasmon resonance (SPR) measurements. The SPR studies indicated that two of these three aptamers distinguished the dicarboxylic acid moiety of the D-isomer from that of the L-isomer; however, the third aptamer did not show enantioselectivity. 
Materials
The arginine-modified analogue of dUTP (2′-deoxyuridine-5′-triphosphate), T Arg , and the acyl amino acids TL and TD were prepared according to a method we have previously reported. 33 The biotinylated amino acids BG, BE, BL and BD were synthesised by coupling 6-[6-(biotinylamino)hexanoylamino]-hexanoic acid-N-hydroxysuccinimide (Biotin-(AC5)2-OSu) with glycine t-butyl ester, DL-glutamic acid, L-glutamic acid-α,γ-di-tbutyl ester and D-glutamic acid-α,γ-di-t-butyl ester, respectively. This was followed by treatment with 50% trifluoroacetic acid in dichloromethane for BG, BL and BD but not for BE (Table 1) . Biotin-(AC5)2-OSu was purchased from Dojindo Laboratories; glycine t-butyl ester, L-glutamic acid-α,γ-di-t-butyl ester and Dglutamic acid-α,γ-di-t-butyl ester were from Watanabe Chemical Industries; and DL-glutamic acid was from Wako Pure Chemical Industries.
Streptavidin-Sepharose was purchased from Amersham Pharmacia. Streptavidin used for SPR studies was purchased from Wako Pure Chemical Industries. The following thermostable DNA polymerases were also purchased: Taq (Takara Bio) and KOD Dash (Toyobo).
Natural 2′-deoxynucleoside-5′-triphosphates (dATP, dGTP, dCTP and TTP) were obtained from Roche Diagnostics. All primers and templates were purchased from Japan Bio Service and Hokkaido System Science. Plasmid DNAs for sequence analyses were prepared using p7Blue T-vector and DNA ligation kit Ver. 1 from Takara Bio, a competent cell kit (Competent High DH5) from Toyobo and a plasmid DNA purification kit (LaboPass Mini) from Cosmo Genetech. TA cloning kit was purchased from Invitrogen, GenElute Plasmid Miniprep kit from SIGMA, and DNA sequencing kit from Applied Biosystems. All other chemicals were reagent grade and were used without further purification.
Preparation of arginine-modified DNA pool
Two kinds of natural single-stranded DNA (ssDNA) molecules, 94-and 98-mers containing a random region (as shown below) flanked by 22-nucleotide primer regions, were used as original templates: the two sequences 5′-CGATGGATCATGACGA TACTGC-N50-TGTCCTATACACGCAGGCTCAG-3′ and 5′-CGATGGATCATG ACGATACTGC-N5C2NC2N7C2NC2N10C2N C2N7C2NC2N5-TGTCCTATACACGCAG GCTCAG-3′, were able to provide G-rich sequences to the complementary strand (N = A, G, C or T). We used the latter template, expecting that the incidence rates of aptamers might increase because G-rich sequences were found in some aptamers obtained by SELEX. [45] [46] [47] The diversity of the random pool based on the central random region was estimated to be approximately 10 12 unique sequences. The following primers that annealed to the primer regions were used for amplification of the selected oligonucleotides during the aptamer selection process. Forward primers: P1, 5′-CTGAGCCTGCGTGTATAGGACA-3′; P1R, 5′-CTGAGCCTGCGTGTAT ArGGACA-3′; P1B, 5′-biotinCTGAGCCTGCGTGTATArGGACA-3′. Reverse primers: P2, 5′-CGATGGATCATGACGATACTGC-3′; P2R, 5′-CGAT GGATCATGACGATrACTGC-3′ (rG and rA indicate ribonucleotides). Three hundred microlitres of the PCR mixture contained a 6 nM template, 1.2 μM of each primer (P1R and P2R), dNTPs (four natural nucleoside triphosphates) of 0.2 mM each, 1.5 U KOD Dash DNA polymerase and the reaction buffer supplied with the enzyme (at 1 × concentration). Twenty cycles of PCR were sequentially performed at 94˚C for 30 s, 61˚C for 60 s and 74˚C for 120 s. After amplification, the PCR mixture was subjected twice to ethanol precipitation to remove the excess dNTPs, yielding the natural double-stranded DNA (dsDNA). Next, we performed single-primer PCR, which produces the modified ssDNA from the natural dsDNA, using T Arg in place of TTP and only one primer, i.e. P1. The PCR mixture (1 mL) containing the above PCR-amplified dsDNA as a template, 1.5 μM of the forward primer P1, dNTPs (dATP, dGTP, dCTP and T Arg ) at 0.2 mM each, 25 U KOD Dash DNA polymerase and the reaction buffer supplied with the enzyme (at 1× concentration) was divided into 20 portions, and each 50 μL portion was placed in a reaction tube for PCR. Twenty five cycles of PCR were sequentially performed at 94˚C for 30 s, 61˚C for 60 s and 74˚C for 120 s. After the reaction, the mixtures were combined and treated with 10 M NaOH solution (100 μL) and heated for 5 min at 95˚C to hydrolyse the ribonucleoside portion of the template strands. After ethanol precipitation, the residue was purified by 10% denaturing PAGE. The modified ssDNA pool thus produced was used for selection.
Preparation of affinity gels
Streptavidin-Sepharose gel (50 μL) was washed three times (100 μL × 3) with the selection buffer (20 mM Tris-HCl, pH 7.6, 300 mM NaCl, 5 mM MgCl2); then 12 μg (20 nmol) of biotinylated glutamic acid (BE) in the selection buffer (20 μL) was added to the gel (50 μL of gel could bind with 15 nmol biotin compound), and the suspension was agitated for 2 h at room temperature. Next, the supernatant was removed, and the gel was washed three times (100 μL × 3) with selection buffer to form the positive selection gel. HPLC assays of BE in the solution before and after the reaction revealed that BE bound with the gel quantitatively. Similarly, the negative selection gel was obtained by binding of BG (11 μg, 20 nmol) with 50 μL of Streptavidin-Sepharose gel.
In vitro selection procedure
The modified DNA pool (~2 pmol) in 200 μL of the selection buffer, prepared by the above-mentioned procedure, was denatured at 95˚C for 5 min and then allowed to cool at room temperature for 30 min. The annealed DNA solution was added to the negative selection gel (50 μL) and incubated at room temperature for 2 h. The solution containing modified DNA that did not bind with the gel was collected and added to the positive selection gel (50 μL) and the mixture was incubated for 2 h. The unbound modified DNA was removed, and the gel was washed five times (100 μL × 5) with selection buffer. The modified DNA bound to the positive selection gel was eluted by denaturation with urea buffer (200 mM sodium citrate, pH 5.0, 3 mM EDTA, 7 M urea) for the first to sixth rounds and was eluted with buffer containing excess glutamic acid (10 mM glutamic acid in the selection buffer) for the seventh to 17th rounds. The urea buffer denatures the conformation of nucleic acids and elutes bound aptamers from the gel with a considerable recovery rate, although it also elutes DNA molecules that bind non-specifically to the gel. Therefore, we used the urea buffer in the initial six rounds, and then changed to the buffer containing glutamic acid to make the selection condition stringent; aptamers could be eluted by displacement of the immobilised target on the gel to the free target in the buffer. In the case of elution with the urea buffer, the urea buffer (500 μL) was first added to the gel, the mixture was heated for 5 min at 95˚C, and the modified DNA solution was then collected. This procedure was performed thrice. The collected solution was dialysed, and the modified DNA thus obtained was used as a template for the next round of PCR. In the case of elution with the glutamic acid buffer, glutamic acid buffer (500 μL) was added to the gel, and the mixture was incubated at room temperature for 2 h. Next, the eluted solution was collected and dialysed. The modified DNA thus obtained was used as a template; natural dsDNA was formed by the first symmetrical PCR, and a new modified DNA pool was then prepared by the second single-primer PCR, as described above. This pool was used for the next selection. The amount of modified DNA in the input pool and the amount eluted from the positive selection gel were estimated from the band intensity on denaturing PAGE after staining with ethidium bromide, and the ratio of the modified DNA eluted from the positive selection gel to the input modified DNA was assumed from the ratio of the respective band intensities (Fig. 3) .
Cloning and sequencing of selected modified DNA molecules
After 17 rounds of selection and amplification, the modified DNA bound to the glutamic acid-immobilised gel was amplified by PCR using KOD Dash DNA polymerase, forward and reverse primers (P1 and P2) and the natural dNTPs. The resulting dsDNA was further amplified by PCR with Taq DNA polymerase. The amplified dsDNA was cloned into a TA vector by the TA cloning method according to the manufacturer's protocol. Plasmid DNAs were prepared from 31 different clones and isolated using the GenElute Plasmid Miniprep kit. DNA sequencing was performed with an ABI PRISM 310 Genetic Analyzer using a BigDye termination method.
Binding assay
The modified DNA, which was prepared using each clone plasmid DNA template in a way similar to that used for DNA pool preparation, was dissolved in the selection buffer (70 μL). The solution was heated for 5 min at 95˚C and allowed to cool at room temperature. The DNA solution (60 μL) was added to the negative selection gels (10 μL), and incubated at room temperature for 2 h. The supernatant containing unbound DNA from the negative gel was divided into two aliquots. One aliquot (10 μL) was used to estimate the binding ratio, and the other (all of the remaining supernatant) was added to the positive selection gel (10 μL) and incubated for 2 h, and the unbound DNA from the positive selection gel was then collected. The above-mentioned supernatants (5 μL) from the positive and negative gels were applied to 10% denaturing PAGE. The DNA on the gel was stained with ethidium bromide and quantified using a Molecular Imager FX PRO. The percentage of bound modified DNA was estimated from the following equation: binding ratio (%) = (NEG − POS)/NEG × 100, where NEG and POS are the band intensities of DNA obtained from the positive and negative gel, respectively.
Surface plasmon resonance measurements
The binding affinity and the specificity of the modified DNA aptamer for glutamic acid derivatives were evaluated by SPR. The modified DNA aptamer for immobilisation on a positive path of a sensor chip was prepared by the same method as that used for DNA pool preparation, using the biotinylated primer P1B and plasmids from the selected clones 2, 6 and 8. A biotinylated DNA immobilised on a negative path was prepared using the appropriate primers and the AT-rich region (110-mer) of pUC18 plasmid DNA as a template. 20 Each biotinylated DNA was dissolved in a running buffer (20 mM Tris-HCl, pH 7.6, 150 mM KCl, 5 mM MgCl2) at a concentration of 0.3 μM and injected onto the positive and negative paths at a flow rate of 5 μL/min (9 min × 5) to immobilise the biotinylated DNA on the sensor chip SA. The sensor chip surface was washed with a wash buffer (10 mM NaOH, 1 M NaCl) and non-specific adsorption was prevented. We used six kinds of analytes: TL, TD, AvG, AvL, AvD and AvB, where AvG, AvL, AvD and AvB are complexes of avidin with BG, BL, BD and biotin, respectively ( Table 1) . Concentrations of AvG, AvL, AvD and AvB were determined by UV absorption at 220 nm. A glutamic derivative in the running buffer was injected at a flow rate of 5 μL/min (2 min) in the concentration range of 30 -1000 μM for SPR measurement.
The dissociation constant Kd was determined from the SPR data by applying curve fitting to the following equation: Req = RmaxC/(Kd + C), where Req, C and Rmax are SPR response, concentration of analyte and maximum SPR response at high analyte concentration, respectively.
Results and Discussion
Screening of modified DNA aptamers
Screening was performed as shown in Fig. 2 . The initial pool consisted of two different types of natural DNA oligomers: 94-mer natural DNA with a 50-nucleotide variable region, and 98-mer with a 38-nucleotide variable region terminated by CC (two serial cytosine sequences) insertions. These oligomers have identical sequences in the primer regions; therefore, the initial modified DNA pool was prepared from a mixture of these natural DNA oligomers in the 1:1 ratio. The modified dUTP analogue T Arg is a good substrate for polymerase reactions catalysed by thermostable DNA polymerases belonging to family B, 25, 26, 34 particularly KOD Dash DNA polymerase. The modified DNA and template strands of natural DNA were successfully separated by denaturing PAGE; the gel mobility of the modified DNA was lower than that of the natural DNA because of its higher molecular weight and because of the electrostatic effect of arginyl groups in the modified DNA. Except for the initial modified DNA pool, modified DNA pools were prepared using dsDNA containing ribonucleotides as a template amplified from the selected modified DNA molecules. The prepared template was shortened by ten bases by alkali treatment, and therefore, the modified DNA could be separated from the natural DNA template with greater ease.
To select modified DNA aptamers that can recognise the chemical structures of dicarboxylates, we used a glycine derivative of a monocarboxylate for the negative selection. In the initial six rounds of selection, no significant enrichment was observed, and we therefore changed the eluent from a 7 M urea buffer to a buffer containing glutamic acid (Fig. 3 ). Significant amounts of the eluted modified DNA were observed from the 13th to the 17th round. After the 17th round, the enriched pool was cloned, and the binding affinities of the randomly selected 31 clones of modified DNA were checked using a binding assay. The binding affinity of each clone is shown in Fig. 4 .
Among the 31 clones, three (clones 2, 6 and 8) had relatively high binding affinity; their sequences are shown in Table 2 . Clones 2 and 6 were found to be derived from the 98-mer original template, which could provide G-rich sequences to the complementary strand, and clone 8 was from the 94-mer original template. In the variable region, three, six and six arginine-modified thymidines (shown as 't' in Table 2 ) were found in clones 2, 6 and 8, respectively. In the sequence of clone 6, there was a G → A mutation at base number 58 from the 5′-end of the forward primer. According to the binding assay, DNA molecules with a sequence identical to that of clones 2, 6 and 8, but in which all the arginine-modified thymidines are replaced with natural thymidines, exhibited very weak affinity for the positive selection gel for all cases (data not shown). These results indicate that the incorporated arginyl groups play a critical role in binding to the target. The binding affinity and specificity of these three modified DNA aptamers were studied in detail by surface plasmon resonance (SPR) measurements.
Determination of binding affinity and specificity of modified DNA aptamers by SPR
We enzymatically prepared the biotinylated aptamers 2, 6 and 8 and immobilised them on the sensor chip attached with streptavidin. First, SPR measurements were performed using TL and TD instead of L-and D-glutamic acids as the analyte, 20 because it might have been difficult to detect such adsorptions with the instrument because of the low molecular weight of glutamic acid (= 147). Unexpectedly, injection of both TL and TD failed to cause a substantial increase in the SPR signal in any of the sensor chips mentioned above. We assumed that the aptamer may require streptavidin for binding with the glutamic acid moiety, because the streptavidin-coated gel was used for selection. Next, streptavidin complexes (AvG, AvL, AvD and AvB) were prepared and used as analytes. Interestingly, the SPR signal on the sensor chip immobilising aptamer 2 increased significantly as the concentration of AvD was raised (Figs. 5 and 6A). However, a minimal to negligible increase in the signal was observed when AvG, AvL or AvB was used as the analyte. These results indicate that aptamer 2 had binding affinity not only to streptavidin but also to the dicarboxylic acid moiety of glutamic acid. Moreover, the SPR data clearly demonstrated that aptamer 2 distinguished the D-isomer from the L-isomer. In the case of aptamer 6, a significant increase in the signal was observed as the concentration of AvG and AvD was raised, whereas a small signal increase was observed when AvL and AvB were used (Fig. 6B) . Although species such as AvG-binding aptamer could have been removed by the negative selection process, the aptamer bound to the AvG was screened, presumably because manipulation of the negative selection process was inadequate. Aptamer 6 also distinguished the D-isomer from the L-isomer.
Aptamer 2 preferred AvD (Kd = 720 ± 28 μM) to AvG and AvL, whereas aptamer 6 preferred AvG and AvD to AvL; its affinity to AvD (Kd = 810 ± 30 μM) was less than that of AvG (Kd = 580 ± 25 μM). Here, the dissociation constant (Kd) was determined by plotting the average response in the equilibrium state against analyte concentration (Fig. 6) ; estimation of kinetic parameters for the association and the dissociation process was difficult because the box-type sensorgrams in Fig. 5 indicated that association and dissociation between the aptamer and the analyte were rapid processes. The observed binding specificities suggest that γ-carboxylic acid may contribute to binding to aptamer 2, but negatively affects binding to aptamer 6; the γ-carboxylic acid moiety of the L-isomer might be placed in an unfavourable orientation to form a complex, but that of the Disomer might not. In the case of aptamer 8, neither a significant signal increase nor enantioselectivity was observed (Fig. 6C) , contrary to the results of the binding assay using the affinity gels; interaction between the aptamer and the analytes might be too weak to be evaluated by SPR measurements. Unfortunately, at this time, we could not obtain an aptamer bound to the glutamic acid. Further improvement in the construction of the library or in the selection conditions will be required to attain this aim.
Conclusion
We have screened two modified DNA aptamers that show enantioselective recognition of the dicarboxylic acid moiety of glutamic acid from an arginine-modified DNA library. The binding affinity and enantioselectivity were successfully evaluated by SPR measurements, and the binding ability of these aptamers was eliminated by the absence of arginyl groups, indicating that modified groups are indispensable due to their binding affinity and enantioselectivity.
